Abstract -Skeletal muscle, after spinal cord injury (SCI), becomes highly susceptible to fatigue. Variable-frequency trains (VFTs) enhance force in fatigued human skeletal muscle of able-bodied (AB) individuals. VFTs do this by taking advantage of the "catch-like" property of skeletal muscle. However, mechanisms responsible for fatigue in AB and SCI subjects may not be the same, and the efficacy of VFT stimulation after SCI is unknown. Accordingly, we tested the hypothesis that VFT stimulation would augment torque-time integral in SCI subjects. The quadriceps femoris muscle was stimulated with constant frequency trains (CFTs) (six 200 s square wave pulses separated by 70 ms) or VFTs (a train identical to the CFT, except that the first two pulses were separated by 5 ms) in SCI and AB subjects. After 180 contractions (50% duty cycle), isometric peak torque decreased 44, 56, and 67 percent, in the AB (n = 10), acute SCI (n = 10), and chronic SCI (n = 12) groups, respectively. In fatigued muscle, VFTs enhanced the torque-time integral by 18 percent in AB subjects and 6 percent in chronic SCI patients, and had no effect in acute SCI patients when compared to the corresponding CFT. The much faster rise times in SCI subjects (~80 ms vs. 120 ms in AB subjects) probably contributed to the inability of VFTs to enhance torque-time integrals in SCI patients. The results suggest that the use of VFT stimulation in patients with SCI may not be as efficacious as it is in AB persons. Key words: catch-like property, electrical stimulation, fatigue, spinal cord injury, variable frequency train Abbreviations: AB = able-bodied, A/D = analog/digital, CFT = constant-frequency train, IPI = interpulse interval, m. QF = quadriceps femoris muscle, MVC = maximum voluntary contraction, SCI = spinal cord injury, T20-80 = time from 20 to 80 percent of peak torque, VFT = variable-frequency train.
INTRODUCTION
Affected skeletal muscle, after spinal cord injury (SCI), has a reduced ability to generate and maintain force. Significant muscle atrophy and conversion to a fast fiber composition with low levels of oxidative enzymes has been reported to contribute to the muscle's compromised performance after SCI [1] [2] [3] . However, Castro et al. has reported increased fatigability after SCI unrelated to changes in metabolic enzymes associated with adenosine triphosphate (ATP) synthesis [4] . Electrical stimulation is often used in the rehabilitative setting for training of paralyzed muscle. However, activation with electrical stimulation will inherently cause more fatigue than contractions of voluntary effort [5] . This is probably due to the repetitive, synchronous stimulation of fast and slow motor units during electrical stimulation in apparent disregard for the size principle regarding the orderly recruitment of motor units, as well as the inability to recruit additional motor units to offset fatigue [5, 6] . Thus, the ability of a patient with SCI to do multiple sets or repetitions of activities is compromised because of (1) the nature of the muscle itself and (2) the means of activation.
In light of this compromised ability, developing a means to counter force loss during electrical stimulation of paralyzed muscle would be beneficial. Variable-frequency train (VFT) stimulation has received considerable interest for countering fatigue in skeletal muscle of able-bodied (AB) individuals [7] [8] [9] [10] . VFTs take advantage of the "catch-like" property of skeletal muscle by varying the frequency within a train of stimulation [11, 12] . Short, then long, inter-pulse intervals (IPI) within a stimulation train enhance the rate of rise in torque, as well as peak torque, and therefore the torquetime integral, by as much as 30 percent in fatigued muscle. Binder-Macleod and colleagues have previously determined that the optimal train to enhance isometric force-time integrals of fatigued muscle is to use a single, brief (5 ms) IPI at the beginning of a constant frequency train (CFT) [7] .
The presence of an initial, brief IPI has been reported to occur during voluntary activation of human motor units [13] [14] [15] . Therefore, the constant frequency pattern of stimuli that is used during conventional electrical stimulation may not be similar to what occurs under voluntary conditions. This difference may also be amplified in fatigued muscle, as Griffin et al. have reported that the prevalence of initial, brief IPIs becomes more common as the muscle fatigues [15] . Thus, VFT stimulation may be more similar to voluntary motor unit activation with regard to pulse frequency than is CFT stimulation, which is typically used clinically. It should also be noted that despite VFT stimulation having similar pulse frequencies to voluntary motor control, the method of activation is still quite different, because electrically stimulated motor unit activation does not adhere to the size principle.
The above issues raise the question of whether VFT stimulation can augment torque in subjects with SCI, a patient population that could benefit from an optimal stimulation pattern. Accordingly, we tested the hypothesis that VFT stimulation would enhance the torque-time integral in patients with complete SCI. Subjects, either months or years after SCI, had their quadriceps femoris muscle (m. QF) subjected to electrical stimulation with both VFT and CFT stimulation before and after a fatigue protocol. Because the muscles of SCI subjects produce very low levels of force as compared to AB individuals due to the tremendous muscle atrophy [16] , we subjected AB subjects to the same protocol starting with similar initial peak torques.
METHODS
SCI patients were screened before participation to ensure that their m. QF could elicit modest force from the electrical stimulation without the occurrence of simultaneous muscle spasms that would interfere with the testing trains. Twenty-two SCI subjects completed all phases of the tests without complications. The SCI subjects were further divided into two groups, acute (injured <1 year) and chronic (injured >1 year). The acute SCI group (SCI-A) included 10 subjects (28 ± 2 yr, 177 ± 4 cm, 77 ± 6 kg, 1 female, mean ± SD) with their level of injury ranging from C3 to T8 and the average weeks post-injury was 23 ± 5. The chronic SCI group (SCI-C) included 12 subjects (36 ± 6 yr, 180 ± 2 cm, 78 ± 4 kg, 2 females) on average 8 ± 2 years post-injury, with the level of injury ranging from C6 to T9. An AB control group of 10 subjects was also studied (26 ± 1 yr, 175 ± 3 cm, 83 ± 7 kg, 1 female). Subjects had no history of lower limb pathology and gave informed consent before testing. 
QF Experimental Setup
The m. QF was studied during stimulated isometric contractions essentially as described previously by others [5, 9, 10, [16] [17] [18] [19] [20] [21] [22] . Briefly, subjects were seated in a custom-built chair, with the left hip and knee secured at approximately 90° of flexion. The leg was firmly secured to a rigid lever arm with an inelastic strap to ensure that m. QF would perform only isometric contractions. The moment arm was established by placing a Rice Lake 2000 A load cell (Rice Lake Weighing Systems, West Coleman Street, Rice Lake, WI, USA) parallel to the line of pull and perpendicular to the lever arm. Two 8 × 10 cm surface electrodes (Uni-Patch, PO Box 1271, 1313 West Grant Boulevard, Wabasha, MN, USA) were placed on the distal m. vastus medialis and the proximal m. vastus lateralis to allow sufficient recruitment of m. QF, as done previously [5, 10] .
Electrical Stimulation and Force Recordings
A constant-current electrical stimulator (model DS7AH, Digitimer Limited, 37 Hydeway, Welwyn Garden City, Hertfordshire, AL7 3BE, England) was triggered with a personal computer using an analog/digital (A/D) board (model KPCI 3108, Keithley Instruments, 28775 Aurora Road, Cleveland OH, USA) and a customized program written with TestPoint software (Version 4.0, Capital Equipment Corporation, 900 Middlesex Turnpike, Billerica, MA, USA). The stimulator delivered six 200 s square wave pulses with either a CFT or a VFT. The CFT consisted of six pulses separated by a 70 ms IPI, while the VFT had a 5 ms IPI between the first and second pulses, followed by four additional pulses separated by 70 ms IPIs. The VFT using only one brief IPI was chosen because it has been reported to augment force and produce the greatest force-time integrals in fatigued human skeletal muscle [7] . Torque from the load cell was sampled at 10 kHz by computer using the A/D board.
Experimental Procedure
The m. QF of each subject was investigated. The current necessary to elicit ~25 percent of the SCI subjects' estimated maximum voluntary contraction (MVC) was determined. Estimated MVC for each SCI subject was set as the torque equal to 1.3 times body weight, because maximal voluntary torque for knee extension approximates 130 percent of body weight in AB individuals [5, 20, 22] . If 25 percent of the subject's estimated MVC could not be attained, the maximum amount of torque that could be evoked was used. AB subjects were tested after all SCI subjects completed the study, with the goal of matching force levels with the acute SCI group, as their muscles would be expected to be similar in fiber composition [4] . Subsequently, m. QF was potentiated with six-pulse CFTs that were delivered one every 5 s until force plateaued. When the muscle was highly potentiated, a CFT and a VFT were delivered. The m. QF was then fatigued using 180 six-pulse CFTs delivered at a 50-percent duty cycle, which results in substantial fatigue in both SCI and AB subjects. Immediately following the 180th train, a CFT and a VFT were delivered in random order.
Torque-time integral, peak torque, and the time from 20 to 80 percent of peak torque (T20-80) were determined from the torque recordings. A 2 × 2 time (pre-/post-fatigue) by train type (CFT/VFT) repeated measures analysis of variance was run on each variable using SPSS (Version 10.0). Gain scores were calculated for the percent augmentation between the post-fatigue trains (VFT vs. CFT) to determine if group or train type differences existed. For all statistical tests, α = 0.05. Cohen's d was calculated as a measure of the post-fatigue effect size of VFTs [23] .
RESULTS

Muscle Fatigue
Stimulation prior to fatigue resulted in similar initial torques for all three groups (Figure 1 , p > 0.05). The relative torque decline during the 180 CFT contraction protocol showed group differences, with AB showing less fatigue than the chronic SCI group (p < 0.05). The trend for the groups was that AB fatigue was less than the SCI-A, followed by the SCI-C: 44, 56, and 67 percent, respectively.
Torque-Time Integral
All groups showed significant time-by-train interactions for the torque-time integral (p < 0.05). In the AB group prior to fatigue, the CFT torque-time integral was 3 percent greater than that for the VFT, but after the fatigue protocol, the VFT torque-time integral was 17 percent greater (Cohen's d = 0.8 [23] ), even though the VFT is 65 ms shorter in duration (Figure 2) . In contrast, the CFT had higher torque-time integrals, 10 and 6 percent (Cohen's d = 0.2) for both the pre-and post-fatigue conditions, respectively, for the SCI-A group. The SCI-C group demonstrated a 12 percent greater torque-time integral for the CFT when compared to the VFT prior to fatigue, but after fatigue the VFT enhanced the torque-time integral by 6 percent (p > 0.05, Cohen's d = 0.1) (Figure 2) .
Peak Torque
Greater peak torque can contribute to the augmented torque-time integral that is evoked by VFT stimulation in fatigued muscles (Figure 3) . Peak torque responses to CFT and VFT stimulation were different among groups (Figure 1 ). The AB group had a significant time-by-train interaction for peak torque (p < 0.05), with the VFT eliciting a peak torque 18 percent greater than that for the CFT in the fatigued m. QF. The SCI-A group showed neither a time-by-train interaction (p > 0.05) nor a main effect for train (p > 0.05), indicating that the type of train did not affect peak torque. The SCI-C group did not show a time-by-train interaction (p > 0.05), but did have main effects for type of train and time, indicating that the train effect (higher peak torque for VFT) was the same both pre-and postfatigue.
Time from 20 to 80 Percent of Peak Torque
Another factor that can contribute to an enhanced torque-time integral by VFT stimulation in fatigued muscle is a more rapid rise time (Figure 3) . The T20-80 for the AB group had a significant time-by-train interaction.
The CFT T20-80 was 44 percent slower after the fatigue protocol when compared to the pre-CFT T20-80, while the VFT T20-80 slowed by only 11 percent with fatigue (Figure 1) . The fact that the CFT showed such increased slowing of contraction compared to VFT probably contributed to the enhanced torque-time integral seen most remarkably in the fatigued muscles of the AB group. When comparing the T20-80 in the fatigued state, the VFT is 60 percent shorter than the CFT. The SCI groups did not show the same advantage of the VFT over the CFT in the T20-80 as for the AB group. The T20-80 post-fatigue, when we compared VFT to CFT, was 26 and 37 percent shorter in the SCI-A and SCI-C groups, respectively (Figure 1) .
Torque-Time Integral Over the First 200 ms
To verify that the greater torque-time integral observed for the VFT is primarily due to a more rapid rise time, we calculated the torque-time integral over the first 200 ms (TT200) of each contraction (Figure 2) . This revealed in the AB subjects an 86 percent greater TT200 for the VFT compared to CFT in the fatigued muscle. The SCI-A and SCI-C groups showed much less enhancement of the VFT over the CFT on TT200: 27 and 41 percent, respectively.
DISCUSSION
The major finding of this study was that VFTs failed to enhance the torque-time integral in fatigued, paralyzed skeletal muscle. This could be caused by rise times that were already so fast in patients with SCI during CFT stimulation that providing an initial, brief IPI did not reduce the T20-80 or increase peak torque enough to augment the torque-time integral. The TT200 data support this argument, because the advantage of the VFT over the CFT was much smaller in the SCI groups. For the VFT to have an advantage over the CFT, the T20-80 must be shorter for the VFT and/or peak torque higher to counter the fact that the VFT train is 65 ms shorter than the CFT, as the two trains have the same number of pulses. An analogy can be made to VFT stimulation in fresh muscle of AB subjects. The VFT does not augment the torque-time integral in fresh muscle, because a 60 ms increase in rise time with VFTs is not sufficient to counter the 65 ms longer train duration of the CFT. After fatigue, there is a slowing of contraction, which is made evident by much longer rise times, and the VFT exposes this by enhancing the rise time (by ~80 ms). This leads to the novel aspect of VFT stimulation, which is an increased torque-time integral despite the difference in train duration (~20%, Figure 3) .
The contraction rise times of the SCI subjects studied were already so fast that a shorter IPI at the beginning of the train was not sufficient to increase the torque-time integral. Even after fatigue, although there was an ~60 percent increase in the T20-80 (compared to pre-fatigue) of SCI subjects, the rise times were still about the same as for fresh muscle of AB subjects and, as previously mentioned, VFTs do not augment torque-time integrals of fresh AB muscle. The post-fatigue VFT T20-80 was about 40 and 100 ms shorter in SCI and AB groups, respectively, when compared to their corresponding post-fatigue CFT. It is evident that a 40 ms reduction is not sufficient to counter the 65 ms longer train duration of the CFT. Therefore, the brief IPI of the VFT was not adequate to counter fatigue in SCI muscle when the VFT has the same number of pulses as the CFT.
Effect size (Cohen's d) was calculated for the post-fatigue torque-time integral for VFTs over CFTs for each of the three groups. This measure is often used to imply practical significance to research findings. According to Cohen, a small, medium, or large effect would correspond to ad-value of 0.2, 0.5, and 0.8, respectively [23] . The data in our study suggest that the effect of VFT on the postfatigue torque-time integral was large in the AB group and small in the SCI-C group. Our previous studies on AB subjects showed similar findings [9, 10] . The SCI-A group did not realize a positive effect of VFT stimulation in the post-fatigue states. This suggests that the VFT stimulation as used in this study may not be as effective in SCI subjects as it is in AB individuals.
Might the VFT stimulation be advantageous if the train duration was increased by adding an additional pulse? This could potentially show benefit by increasing the torque-time integral as compared to CFTs, but adding an additional pulse could also increase fatigue. It has been suggested that fatigue might be related to the total number of pulses given; therefore, adding additional pulses to a train may cause more fatigue over time [24] . As Russ and Binder-Macleod point out, adding an additional pulse may also cause more fatigue over time by decreasing the amount of rest between trains [8] . Adding additional pulses to the VFT seems contrary to their potential benefit of reducing muscle fatigue. Another potential manner in which the VFT could be shown to augment the torque-time integral in SCI patients is to shorten the train duration of both the CFT and VFT. For example, if a four-pulse train was used, the CFT would be 210 ms, compared to a 145 ms VFT. The initial pulse would be relatively more meaningful and a 40 ms reduction in rise time might significantly enhance the torque time integral for the shortened trains. In terms of clinical electrical stimulation, the problem with having such a short train is that the contraction may not be long enough to perform any functional activities. For example, in a previous study that used dynamic knee extension exercise to increase muscle mass, stimulation current was on for approximately 5 s at 30 Hz [21] . Thus, there would be a total of 150 pulses during the contraction, and adding an additional pulse at the beginning to increase the rate of rise in force may not be indicated.
It should be appreciated that SCI has a dramatic effect on skeletal muscle not equaled by many other conditions. Affected muscles from chronic SCI patients have a higher proportion of fast fibers that are small in size and that are low in enzymes involved in ATP resynthesis, thereby making them highly susceptible to fatigue. While VFT stimulation with the parameters used in the present study failed to show significant benefit in the SCI sample, they may still be useful in conditions not quite as extreme and, indeed, the VFTs have been shown to reduce fatigue in AB subjects. It is also possible that the mechanism(s) of fatigue may not be the same in SCI and AB subjects. Castro et al. reported that muscle fatigue was unrelated to differences in the content of enzymes involved in ATP resynthesis [4] . These authors suggested that the fatigue found in SCI patients may be partly due to contraction-induced muscle injury. In fact, short-term unweighting has been shown to increase the vulnerability to exercise-induced muscle injury in humans and lower mammals [25, 26] . It has also been reported that fibers 6 months post-SCI have mismatched sarco(endo)plasmic reticulum calcium-ATPase and myosin heavy chain isoforms that could influence the fatigability of fibers [27] .
There is a report that doublets produced similar responses in AB subjects as compared to four SCI patients, but the SCI patients had been previously conditioned with electrical muscle stimulation (EMS) for a minimum of 6 months [28] . The prior conditioning done by Karu et al. consisted of stimulating the QF muscle group for 1 hr each day, as well as performing FES-assisted cycling 3 days per week [28] . This activity may have had training effects such as converting fast, fatigable fibers to become more fatigue-resistant. It may also have conditioned the muscle so that it was not susceptible to contraction-induced muscle injury, as has been previously shown in unloaded skeletal muscle [25, 26] . Thus, SCI muscle may need to be conditioned first, by gradually increasing contractile activity over time, prior to the use of VFTs.
CONCLUSION
This study suggests that VFTs augment the torque-time integral in the fatigued m. QF; this was certainly the case in the AB group and, to a lesser extent, the SCI-C group, but it was not the case in the SCI-A group. Because SCI represents one of the most extreme conditions to which human skeletal muscle is subjected, other conditions in which the muscle fibers have not been altered to the same extent may still benefit from these stimulation parameters.
